The arrayed waveguide grating (AWG) is one of the most important devices in optical communication networks. It has been used extensively in wavelength-division multiplexing (WDM) systems, due to its multiplexing and demultiplexing functionalities . In these networks, components are required to provide stable operation while a reproducible fabrication process is mandatory. For these reasons, photonic integration is envisaged as the solution since it provides the necessary requirements.
Traditionally fabricated on silica on silicon integration technology (Dragone et al. 1991) , it is possible to find examples of AWGs in almost any material platform (indium phosphide, silicon on insulator, silicon nitride, aluminium gallium arsenide…). The cost in photonic integrated circuits (PICs) is directly related to its footprint (Kirchain and Kimerling 2007) , so technologies with higher index contrast where the field is highly confined in the waveguide and bending radius can be decreased are preferred to obtain smaller devices with the same functionality. As a drawback, devices are more sensitive to fabrication errors, as for example waveguide sidewall roughness or layer misalignments.
The IMOS photonic integration technique, based on the use of an indium phosphide (InP) membrane on top of a silicon chip provides all the advantages derived from high index contrast (HIC) technologies, but also the possibility of integrating active and passive devices with approximately the same dimensions as silicon on Insulator (SOI) technologies (van der Tol et al. 2014) .
The main problem when modelling AWGs is the difficulty to find closed analytical equations describing its operation, being possible to find in the literature several models using Fourier optics (Dragone 1989; Muñ oz et al. 2002) . However, the Gaussian field approximation of the fundamental mode fails to predict the exponential tails of the field. It is also possible to keep the behaviour of the field using exponential and cosine functions, applying the EIM as in Kleijn et al. (2013) . Nonetheless, the use of the effective index method (EIM) is not typically accurate in HIC technologies.
In this paper, we report how to apply successfully the analytical model in Kleijn et al. (2013) in HIC technologies as IMOS, obtaining a very fast and accurate simulation tool for double-etched AWGs. We also provide the design and simulations for a shallow to deep transition applicable in HIC technologies with reduced losses and high fabrication tolerance.
Theoretical model
The AWG is a passive device composed of groups of waveguides and free propagation regions. In the most common shape (Fig. 1) , two free propagation regions (FPRs) are connected by a group of waveguides called arrayed waveguides. Between these arrayed To analyze the AWG it is necessary to know the field shape at the waveguides, since the length of the free propagation regions and the final passband shape will be determined by it. The effective index method (EIM) (Knox and Toulios 1970) , an extension of Marcatili's method (Marcatili 1969) , is probably the most simple method to analyze optical waveguides. The main idea underlying this method is to replace the rectangular waveguide structure by a slab waveguide (with infinite width in one direction) and then use the calculated effective index to replace the waveguide to a slab in the orthogonal direction. In the typical waveguides, it can be explained as follows: first, the optical waveguide is divided in three regions (slab, core, slab) calculating the effective index for each part. Then, a three layer slab in the orthogonal direction using the previously calculated effective indexes is solved, obtaining the approximation for the waveguide effective index.
The main limitation when using this method is the restriction to solve only low index contrast structures, where the difference in refractive index between the used materials is low and the aspect ratio is high enough to have almost all the field transverse variation in the wider dimension. Thus, for one chosen technology, the accuracy of the method will improve increasing the aspect ratio (i.e. having more slablike waveguides) or increasing the normalized frequency V, defined as (Chiang 1991) . In the previous equation b is the waveguide thickness, k is the wavenumber defined as k ¼ 2p=k and k is the wavelength, n 1 is the core refractive index and D 2 is the relative index step defined as
À Á with n 2 the substrate refractive index. For this reason, as typically the cross-section and wavelength are fixed, the EIM could be applicable if the aspect ratio is increased (i.e. using wider waveguides).
High index contrast structures have a reduced cross-section, where the thickness of the waveguide is comparable to the width, so the EIM is not the best choice in terms of accuracy. On the other hand, particular HIC structures can also be analyzed using this method when special layerstacks are used, as in the case of the typical COBRA deepetched cross-section where the cladding and substrate have a refractive index very similar to the core .
To obtain the mode profile approximation, it is necessary to reduce the 3D waveguide to a 2D waveguide applying the EIM and use a mode solver to obtain the guided modes. In the case of this paper, the scalar approximation of the EIM is used, in order to obtain reduced calculation times. Thus, the field profile can be approximated as cosine and exponential functions (Kleijn et al. 2013) :
where k 0 ¼ 2p=k 0 ; m is the mode number, N is the mode index, x is the spatial position and d is the waveguide width. The mode is normalized through the coefficient C, obtained from the power normalization:
and can be expressed as:
This equations are valid only for small index differences between the ribs, so it is only reliable for the shallow waveguides when HIC cross-sections are used. Typical AWGs are designed to be double-etched, what means that the free propagation regions (FPRs) will be fabricated in the shallow cross-sections and also their input/ outputs, while the arrayed waveguides (where the incremental length will be introduced) should be fabricated in deeply etched cross-sections to reduce the losses. The main reason for such structure is to reduce the losses and the possible reflections in the interface between the FPR and the waveguides, since deeply etched waveguides cause a large discontinuity in this interface den Besten et al. 2002) .
However, the case of a single-etched AWG using a HIC technology is not evaluated yet. As was commented before, the EIM is not suitable for this type of waveguides. Nonetheless, it is possible to find in the literature several approximations to predict the field in the waveguides, being the most appropriate the one in Westerveld et al. (2012) . The main idea is to use the full Marcatili's approximation making the ansatz that the field can be spatially separated in two axis and it can be approximated as a product of sine, cosine and exponential functions. This idea, from which the EIM is an approximation, enables to obtain an accurate field profile approximation for deep-etched waveguides for HIC technologies, as is the case of SOI or IMOS. Moreover, the sine and exponential approximation is fully compatible with the model presented in Kleijn et al. (2013) , obtaining a very accurate and efficient model for AWGs fabricated in SOI or other HIC technologies.
3 Design and simulation
Field profile approximation
In IMOS technology, the cross-section consists of a silicon substrate, a 1850 nm height layer of silicon dioxide and the InP membrane (300 nm height) where the waveguides will be fabricated. A schematic of the two different cross-sections (deep and shallow) is shown in Fig. 2 . As a waveguide parameters, shallowly etched waveguides with a 2:0 lm width are used. Then, Eq. 1 is used to calculate the TE (electric field parallel to the x axis) field profile.
As a comparison, Fig. 3 shows the real field profile obtained from a commercial software (http://www.phoenixbv.com) using the Film Mode Matching (FMM) method and the different approximations using a Gaussian profile and the EIM. From this comparison, it is possible to see that the EIM approximates very well the real profile inside the core, while the exponential tails are underestimated. It is also clear that the Gaussian approximation introduces an error when fitting the field profile since it underestimates the mode width inside the core and overestimates the exponential tails. However, the error introduced by the EIM is low when the waveguide aspect ratio is high, as in the case of the shallow crosssection.
The EIM can also be applied in the case of deep waveguides, at expenses of a higher approximation error. Figure 4 shows the case when deep waveguides with a width of 2:0 lm, Fig. 4a , and a width of 0:4 lm, Fig. 4b , are simulated. The comparison shows how when wide deep waveguides are used, the EIM approximates correctly the field in the core of the waveguide, but it fails to predict the exponential tails. Moreover, the Gaussian approximation fails to approximate the field in every part. In the second case, when simulating narrow waveguides, both approximations have a large error when approximating the strong kinks obtained due to the high index contrast in the interface between the InP material and air.
Then, in the case of using HIC waveguides with a low aspect ratio (i.e. narrow widths), the sine and exponential approximation presented in Kleijn et al. (2013) fails. As was commented before, other models based on Marcatili's method could be used, as in the case of Westerveld et al. (2012) , obtaining a cosine, sine and exponential approximation that is fully compatible with the AWG model in Kleijn et al. (2013) .
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AWG simulation
To check the validity of the model, an AWG for IMOS technology was designed and simulated. The AWG parameters are the following: the center wavelength is 1550 nm, using four channels with a spacing of 3.2 nm and a FSR of 12.8 nm. Regarding the waveguides, 2:0 lm width shallow waveguides are used as input/outputs of the FPRs, while the arrayed waveguides are designed using 0:8 lm width deep waveguides with an effective index of 2.5492. The calculated focal length is 48:71 lm, the incremental length between AWs is 50:47 lm, the number of AWs is 13 and the bend radius was set to 5 lm. The transfer function was computed for the real profile using the Fresnel diffraction integral and the EIM approximation with the model in Kleijn et al. (2013) . This model assumes that the input and output waveguides in each free propagation region are positioned following the Rowland circle mounting and the when the light exits the input waveguides it is diffracted. Then the field at the other side can be calculated through the 2D Fresnel-Huygens diffraction integral. Moreover, the coupling between the modes in the waveguides is given by the overlap integral between the output mode and the diffracted field (Kleijn et al. 2013 ).
The corresponding end-to-end transfer function for this AWG is depicted in Fig. 5 . Note the simulations show losses of approximately 3.5 dB for the EIM approximation and lower than 3 dB for the real profile. We did not include the propagation loss in the waveguides for IMOS (typically around 4 dB/cm) and other detrimental effects as fabrication imperfections. From the simulations the 1-dB, 3-dB and 20-dB bandwidths are 0.86, 1.45 and 3.51 nm respectively for the real profile simulation and 0.77, 1.38 and 3.35 nm for the EIM simulation. This difference in bandwidth can be explained as the EIM underestimates the field in the exponential tails. It is also clear from simulations that the noise level is around 5 dB higher in the case of the analytical model. In this case, this disparity comes from the analytical model where the overlap between modes of adjacent waveguides is taken into account.
In conclusion, the comparison between simulations using the real profile together with the Fresnel diffraction integral and the analytical approach shows a very good match, obtaining for 2000 points calculation times of 170.3 s in the case of the real profile and 1.5 s for the analytical model (simulations calculated using a intel core i5 processor).
Shallow to deep transitions
As was commented in the introduction, HIC technologies are very sensitive to fabrication errors, due to the strong confinement of the field in the waveguide. The most important contributions to these errors are the sidewall roughness in the waveguides and the misalignment between layers when using different cross-sections. In the case of AWGs, the sidewall roughness is a technology intrinsic factor, so it will depend on the fabrication process. However, when using a double-etched layout the layer misalignment rises as an important phase error contribution that can be avoided or minimized designing carefully the transitions between different cross-sections. In any case, the use of a shallow to deep transition at the input/output of the FPRs has two benefits: it reduces the losses and reflections in the interface between the FPR and the waveguides as was discussed before, and it permits to use the field approximation described in Sect. 2 if the transition is correctly designed to avoid high order modes at the end of the shallow waveguide.
In the case of this paper, the shallow to deep transitions are based on the butt-coupled transitions in Maat (2001) . This transition has the advantage to be very tolerant to the misalignments when fabricating. Figure 6 shows the schematic of such transition. It consists of a shallow cross-section that is widened to an interface width. This interface will be butt-coupled to a deep waveguide, where typically the field is slightly more confined in the core, and linearly tapered to the desired final deep width. When using this structure as shallow to deep transition, any misalignment will cause only a displacement of the shallow slopes, which it will not affect to the performance if the interface length is designed to be Fig. 6 Shallow to deep transition schematic longer than the foundry alignment error. The most critical part of this transitions is the design of the interface between the shallow and deep waveguides, since the mode profile is different for each cross-section. From theory, the slope in shallow waveguides causes that the field width is higher than in a deep waveguides for the same waveguide width. For this reason, different simulations calculating the overlap between the modes are performed to choose the best case. Although the fields will be more similar when wide waveguides are used, it is necessary a compromise between size and losses due to coupling.
Simulations are performed using a 3D propagation tool using the EigenMode Expansion (EME) method (http://www.photond.com). The simulation results in Fig. 7 show that the best case in terms of propagation and reflection when simulating the interface between both cross-sections is obtained using a slightly wider transition (deep) waveguide in comparison with the shallow waveguide. The interface length is fixed to 3 lm to avoid any layer misalignment.
As a fixed parameters, the shallow and deep widths are fixed to 2 and 0:8 lm, respectively. Simulations of the total structure including the linear taper and different interface widths are shown in Fig. 8 . From there, the best case is chosen to be using an interface width of 2:1 lm and a taper length of 24 lm, obtaining a losses of only 0.02 dB per transition. In any case, it is possible to use the same width for the shallow and the transition sections since simulations show additional losses of 0.02 dB, being not very critical. Although the shallow to deep transitions simulated are not very long, it is possible to reduce the size of such transition replacing the linear taper with a parabolic taper (Milton and Burns 1977) .
Conclusion
In conclusion, the analytical model provided in Kleijn et al. (2013) is suitable for IMOS AWGs when using shallow waveguides as input/outputs, obtaining a good approach in a few seconds. The model is not only restricted to this technology, being also feasible in other HIC technologies as SOI. It is also possible to apply the field profile approximation in Westerveld et al. (2012) and follow the previously cited analytical model if only deeply etched waveguides are used. Shallow to deep transitions using a butt-coupled layout tolerant to layer misalignments are simulated, obtaining a robust structure in terms of layer misalignments and low losses.
